Sequencing of multiple, nearly complete eukaryotic genomes creates opportunities for detecting previously unnoticed, subtle functional signals in non-coding regions. A genome-wide comparative analysis of orthologous sets of mammalian and yeast mRNAs revealed distinct patterns of evolutionary conservation at the boundaries of the untranslated regions (UTRs) and the coding region (CDS). Elevated sequence conservation was detected in~30 nt regions around the start codon. There seems to be a complementary relationship between sequence conservation in the~30 nt regions of the 5¢-UTR immediately upstream of the start codon and that in the synonymous positions of the 5¢-terminal 30 nt of the CDS: in mammalian mRNAs, the 5¢-UTR shows a greater conservation than the CDS, whereas the opposite trend holds for yeast mRNAs. Unexpectedly, a~30 nt region downstream of the stop codon shows a substantially lower level of sequence conservation than the downstream portions of the 3¢-UTRs. However, the sequence in this poorly conserved 30 nt portion of the 3¢-UTR is non-random in that it has a higher GC content than the rest of the UTR. It is hypothesized that the elevated sequence conservation in the region immediately upstream of the start codon is related to the requirement for initiation factor binding during pre-initiation ribosomal scanning. In contrast, the poorly conserved region downstream of the stop codon could be involved in the posttermination scanning and dissociation of the ribosomes from the mRNA, which requires only the mRNA±ribosome interaction. Additionally, it was found that the choice of the stop codon in mammals, but not in yeasts, and the context in the immediate vicinity of the stop codons in both mammals and yeasts are subject to strong selection. Thus, genome-wide analysis of orthologous gene sets allows detection of previously unrecognized patterns of sequence conservation, which are likely to re¯ect hidden functional signals, such as ribosomal ®lters that could regulate translation by modulating the interaction between the mRNA and ribosomes.
INTRODUCTION
The most pronounced evolutionary conservation in genomic sequences re¯ects the constraints on protein structure and function. In general, coding portions of genes are much more conserved than non-coding regions. Patterns of amino acid residue conservation offer important functional clues because highly conserved amino acids are those which are crucial for protein function or folding (1, 2) . However, non-coding sequences, which comprise >98% of the vertebrate genomes (3, 4) , and, in particular, untranslated regions (UTRs) of mRNAs also contain numerous conserved stretches which, by analogy to the well established conservation-function correspondence in proteins, are also thought to comprise functional signals (5±8). Some of these signals have been studied experimentally but the role of most remains mysterious (9) .
On average, 5¢-and 3¢-UTRs are less conserved across species than protein-coding sequences, but more conserved than untranscribed sequences (10, 11) . Nevertheless, highly conserved blocks have been detected in 5¢-UTRs and, especially, 3¢-UTRs of orthologous genes from different mammalian orders and even between mammals and birds or ®sh (5, 6, 12) . In some genes, conservation of UTRs even exceeds the conservation of the corresponding coding regions (13) . Generally, it is believed that conserved sequence elements in the UTRs are binding sites for proteins or antisense RNAs, which contribute to the regulation of nucleocytoplasmic transport, subcellular localization, translation and stability of mRNAs (14±16). The context around the principal functional signals, such as the start and stop codons, is thought to be an important determinant of the expression level (17) .
Much of the critical action during translation takes place at the boundaries between the functional regions of the mRNA, namely: (i) 5¢-UTRs and the coding sequence (CDS), (ii) the CDS and the 3¢-UTR, and (iii) the 3¢-UTR and the poly(A) tail. According to the scanning model of translation initiation, the eukaryotic ribosome binds to the 5¢-terminal cap and starts scanning the mRNA, typically until detecting the ®rst AUG where it initiates translation (18, 19) . However, the context around an AUG codon is critical for this process and determines, in large part, whether the ribosome initiates at the 5¢-ultimate AUG or proceeds scanning to the next AUG (20) . In mammals, the optimal context for start codon recognition is GCCRCCaugG... (21) . Within this motif, the purine (R) in position ±3 is the most highly conserved and functionally most important nucleotide. The initiation of translation in eukaryotes is affected by several regulatory mechanisms, which involve 5¢-UTRs and include binding of regulatory proteins to speci®c sites within 5¢-UTRs, upstream open-reading frames, and internal ribosome entry sites (22±25).
The mechanism of translation termination is understood much less thoroughly than the initiation mechanism (26) . The release of the nascent polypeptide does not depend on a tRNA molecule but requires both codon-speci®c class-I release factors (eRFs in eukaryotes), which recognize the stop codon in mRNA, and codon-non-speci®c, GTP-binding class-II RFs (27, 28) . The context of the stop codon, in particular, the immediate downstream (+1) base, is important for termination; the modulations in the termination ef®ciency brought about by substitution of this nucleotide can reach an order of magnitude, which prompted the notion that the true termination signal could be a tetranucleotide (29±31). Additional complexity is introduced into the termination mechanism by the fact that there are three stop codons, for which the context effects seem to differ substantially. Thus, in yeast, UAG is most ef®ciently employed for termination when the next base is G, whereas, for UAA, A or U are optimal (29) . The tetranucleotides that were most effective terminators have been found to be most common at the end of the coding regions in the respective genomes (29, 30) . However, beyond the +1 position, the 3¢-UTRs have not been reported to have a distinct consensus analogous to the Kozak consensus in the 5¢-UTR (31) . Interestingly, the 5¢-UTRs and the 3¢-UTRs of eukaryotic mRNAs tend to interact through bridging protein complexes, which include certain initiation factors, polyAbinding proteins, and other subunits; this interaction adds another level of complexity to the regulation of translation initiation and termination and suggests the possibility of coordination between these processes (25, 32, 33) .
The formation of mature eukaryotic mRNAs involves cleavage of the native transcripts and polyadenylation (34± 36). The signal for transcript cleavage and polyadenylation is thought to consist of the AAUAAA hexamer, which is located 20±30 nt upstream of the cleavage-polyadenylation site in the majority, although not in all, eukaryotic mRNAs, an upstream U-rich sequence, and a downstream GU-rich sequence (34, 37) . However, up to 40% of human mRNAs appear to have alternative polyadenylation signals, without the AAUAAA motif (38) .
We were interested in examining the evolutionary patterns of eukaryotic mRNAs at the boundaries between functional regions by taking advantage of the availability of multiple, closely related, (nearly) complete genomes of mammals and yeasts, for which numerous pairs of probable orthologs can be reliably identi®ed. Comparisons of mammalian and yeast genomes have been recently employed to predict numerous, previously undetected, conserved motifs, which are likely to function as transcription regulation sites (4, 39, 40) . The boundaries between the CDS and the UTRs or between the 3¢-UTR and the poly(A) tail are particularly amenable to comparative-genomic analysis because the start and stop codons provide natural phasing, which allows one to compare unrelated pairs of orthologs and potentially identify even weak signals. We demonstrate signi®cant sequence conservation in the~30 nt region immediately upstream of the start codon and in the synonymous positions in~30 nt in the beginning of the CDS for both mammals and yeasts. In contrast, the~30 nt region immediately downstream of the stop codon in the 3¢-UTRs is signi®cantly less conserved than the distal part.of the UTR. However, the poorly conserved 30 nt window is enriched for GC compared with the rest of the UTR and could be involved in scanning interruption and ribosome release after termination. Additionally, we analyze the frequencies of stop codons themselves and the surrounding context and demonstrate the role of selection in their evolution. Genomewide analysis of orthologous genes seems to allow detection of so far unrecognized, subtle functional signals in mRNAs.
MATERIALS AND METHODS
A data set of 5800 human±mouse and 3600 rat±mouse mRNA orthologous pairs with annotated 3¢-UTRs was compiled from GenBank as described in the supplementary data (ftp://ftp. ncbi.nih.gov/pub/kondrashov/utr). Brie¯y, symmetrical best hits between proteins from the respective genomes were identi®ed using the BLAST program (41) . The nucleotide sequence alignment for identi®ed orthologous pairs of mRNAs were produced using the OWEN program (42) . For the CDS, the alignment of the nucleotide sequences was guided by the amino acid sequence alignment (43) . Among the identi®ed orthologs, 5510 human±mouse pairs of orthologs and 3234 pairs of rat±mouse orthologs had complete 3¢-UTRs as determined by the presence of the AAUAAA polyadenylation signal (3¢-UTRs shorter than 110 bp were excluded); 2073 human±mouse pairs and 811 rat±mouse pairs had 5¢-UTRs longer than 50 bp and these were used for the analysis. The positions of 5¢-UTRs and 3¢-UTRs were taken from the feature tables of the respective GenBank entries.
In addition, 50 sets of orthologous mRNA sequences from representatives of four mammalian orders, Primata, Rodentia, Carnivora and Cetartiodactyla, were constructed by extracting the most similar sequences from the BLAST search outputs; whenever available, genomic synteny was analyzed to ensure the correct identi®cation of orthologs (43) . Multiple alignments of nucleotide sequences were constructed using the CLUSTALW program with default parameters (44) and edited to take into account results of pairwise comparison, which was done using the OWEN program (42) . The sequences and alignments from this data set are available at ftp://ftp.ncbi. nih.gov/pub/kondrashov/utr.
Aligned sequences of orthologous genes from four yeast species, Saccharomyces cerevisiae, S.paradoxus, S.mikatae and S.bayanus were extracted from the SGD database (ftp:// genome-ftp.stanford.edu/pub/yeast/data_download/sequence/ fungal_ genomes) (39); 2066 sets of orthologs had complete 5¢-UTRs and 1441 sets had complete 3¢-UTRs in all four yeasts. The alignment of start and stop codons was ®xed in order to ensure the correct partitioning of 5¢-UTR, the CDS and the 3¢-UTR.
The degree of conservation at each nucleotide position was calculated as the number of matches over the number of pairwise alignments. The start codon, the stop codon and the polyadenylation signal provided natural coordinate systems for this analysis such that the position number was always determined as the distance from one of these signals, even if the actual alignment of orthologous sequences included gaps. Shannon entropy was calculated using the de®nition S = ±S(P i log 2 P i ), where P i is the nucleotide frequency. Two alternative approaches for treating gaps (indels) in pairwise sequence alignments were employed: (i) whenever a gap was introduced in one of the sequences, the respective position was treated as a non-conserved one (a mismatch), and (ii) positions containing one or more gaps were excluded from the analysis. For multiple alignment positions containing gaps, conservation was calculated for the number of sequence pairs containing aligned nucleotides, with sequences containing gaps excluded.
RESULTS AND DISCUSSION
To investigate the constraints that might affect the evolution of the sequences at the boundaries of the functional regions of eukaryotic mRNAs, we generated pro®les of sequence conservation and base composition for the 5¢-UTR±CDS, the CDS±3¢-UTR and 3¢-UTR±poly(A) site boundaries in mammalian and yeast orthologous genes.
5¢-UTR±CDS boundary
Pro®les of sequence conservation at the boundaries between 5¢-UTR and CDS regions in mammals and yeasts are shown on Figure 1 . The portion of the 5¢-UTR immediately upstream of the start codon shows substantially greater conservation than the rest of the UTR. In the human±mouse comparisons, the most pronounced conservation,~80% identity, is seen in the ®ve positions of the 5¢-UTRs immediately upstream of the start codon, with the peak in the critical ±3 position of the Kozak consensus (Fig. 1A) . In addition, non-random, statistically signi®cant increase in conservation compared with the average level in the 5¢-UTRs is seen for~30 nt upstream of the start codon (Fig. 1A and Table 1 ). Qualitatively similar results were obtained in the mouse-rate comparisons (Fig. 1B and Table 1 ). Further upstream into the 5¢-UTR, the identity level in the human±mouse alignments drops to a plateau of 50% ( Fig. 1A and data not shown), which is close to the neutral conservation level in human±mouse comparison (A. Y. Ogurtsov and A. S. Kondrashov, unpublished results). Examination of the conservation pro®le of multiple alignments of mammalian orthologs further sharpens the picture and indicates that the sequence of 5¢-UTRs upstream of the position ±30 is essentially random (Fig. 1C) . A pro®le of sequence conservation for the four different yeast species shows the same peak at the 5¢-UTR±CDS boundary (Fig. 1D) . However, in this case, the excessive sequence conservation in the 30 nt stretch immediately upstream of the AUG, compared with the upstream portion of the UTR, albeit statistically signi®cant, was much less pronounced than it was in mammals ( Fig. 1D and Table 1) .
Predictably, the distal portions of 5¢-UTRs show substantially lower conservation than non-synonymous codon positions in the CDS (Fig. 1A±D) . In contrast, the conservation level in the 30 nt window upstream of the AUG is comparable with that in the synonymous (4-fold degenerate) third positions of codons in the CDS (Fig. 1A±D) . Although synonymous positions are often used as a surrogate for neutral, clock-like evolution, several studies have shown that these positions evolve under weak purifying selection, presumably due, in large part, to the link between codon usage and expression level (45±48). The conservation pro®les of the 5¢-UTR and the CDS around the AUG showed a degree of symmetry, with the peak at the start codon (Fig. 1A±D) . Apparently, the synonymous positions of several codons directly following the AUG are subject to a stronger negative selection than those in the rest of the CDS. This effect is stronger and statistically more signi®cant in yeasts than it is in mammals (compare Fig. 1D and A±C; Table 1 ). Thus, there seems to be a distinct functional signal in the 5¢ portion of the CDS and this signal appears to be, in a sense, complementary to the signal in the 5¢-UTR: the relatively strong 5¢-UTR signal in mammals is coupled with a weak signal in the CDS and, conversely, the weak UTR signal in yeasts is counterweighted by the stronger signal in the CDS.
The apparent increased conservation in the 5¢-UTR immediately upstream of the AUG potentially could be explained by incorrect identi®cation of the start codon in some of the analyzed mRNAs, which would result in an admixture of inframe coding sequence in the 5¢-UTR pool. If the frequency of such errors decreased with the length of the unannotated coding sequence, this artifact might lead to the pattern of UTR sequence conservation seen in Figure 1 . However, two considerations suggest that this is not the case: (i) this type of misannotation cannot account for the conservation pattern observed in the synonymous positions in the upstream portion of the CDS, and (ii) when the analysis was repeated for only those human and mouse 5¢-UTRs that did not have in-frame AUGs within 30 nt upstream of the annotated start, a pattern essentially identical to that in Figure 1 was observed (data not shown).
Another potential source of artifacts could be gaps in the alignments, which could lead to an apparent drop in the conservation level with the increase of the distance from the anchoring point (AUG). We investigated two approaches for treating gaps: (i) a gap was treated as a non-conserved position, and (ii) positions with gaps were excluded from the analysis (see Materials and Methods for details). The resulting sequence conservation pro®les were not appreciably different (data not shown). Furthermore, we re-examined sequence conservation in the subset of human±mouse alignments, which did no contain gaps within 100 nt of the CDS immediately downstream of the AUG. The resulting pattern of gradually decreasing conservation level did not differ from that seen in Figure 1 (data not shown) .
Additionally, we analyzed the nucleotide content of the 5¢-UTRs. The mammalian 5¢-UTRs are GC-rich, without signi®cant strand asymmetry ( Fig. 2A) . In contrast, the yeast 5¢-UTRs are AT-rich and show marked strand asymmetry in ã 40 nt region upstream of the AUG, with signi®cant enrichment for A in the sense strand ( Fig. 2B ; t-test: t = 10.35, P < 0.00001). Purine-pyrimidine strand asymmetry reduces the potential of the respective sequence for secondary structure formation, which could be an adaptation for ribosomal scanning in yeast mRNAs. The absence of strand asymmetry in mammalian mRNAs is likely to re¯ect differences between the initiation mechanisms in mammals and yeasts. Recently, signi®cant strand asymmetry, with an excess of G+T over A+C has been reported to exist in most mammalian genes and interpreted as a result of mutational pressure caused by transcription-coupled repair (49). We did not detect this type of asymmetry in the UTRs of the analyzed mammalian genes.
Stop codons and the CDS±3¢-UTR boundary
The distribution of stop codons is substantially different in mammals and in fungi. The predominant stop codon in yeasts a The table shows the results of t-test analysis for the 30 nt low conservation region in 3¢-UTRs following the stop codon across species, the 30 nt high conservation region in 5¢-UTRs immediately upstream of the start codon, and the 30 nt regions of the CDS adjacent to the start or stop codons. In each case, the conservation in the respective 30 nt region was compared with the conservation in the corresponding 70 nt downstream or upstream region. The P-value indicates the probability that the difference in sequence conservation is due to chance.
is UAA whereas, in mammals, a large excess of UGA is observed (50) ( Table 2 ). The dominance of a particular stop codon could be explained either by mutational or by selective pressure. A comparison of the stop codon frequencies to the frequencies of the respective triplets in sequences that appear to evolve neutrally, namely, introns of the analyzed mammalian genes and intergenic regions adjacent to the analyzed yeast genes, shows a substantially less uniform distribution among the stop codons ( Table 2) . The difference between the frequency of the most common stop codon and that of the respective triplet in the control non-coding sequences was statistically highly signi®cant in both mammals and yeasts (Table 2 ). These observations indicate that the observed distribution of stop codons is, largely, a result of selection. The context in the immediate surroundings of the stops codons is obviously non-random and depends on the stop codon as noticed in previous studies, which analyzed smaller sets of mRNAs (51) (Fig. 3) . Thus, in human genes, there is a strong preference for C in position ±4 and for A in position +1 for UGA, limited preference for C in positions ±4 and +3 for UAG, and notable preference for A in positions +1 and +2, but no discernible consensus in the CDS for UAA (Fig. 3A±C) . In yeast genes, the context is considerably less pronounced, although the preponderance of G in position +1 after UAA codons was notable and statistically signi®cant (Fig. 3E±F) . A comparison of the frequencies of dominant tetranucleotides including the stop codon to the frequencies of the same tetranucleotides in non-coding sequences reveals major differences and indicates that, like the stop codons themselves, the adjacent positions are subject to selective pressures ( Table 2 ). The pro®les of sequence conservation at the boundaries between CDS and 3¢-UTR regions showed increased conservation in the immediate vicinity of the stop codon (positions ±6 to +3), which is followed by a window of low conservation in positions +5 to +35, and by a downstream region of relatively high conservation (Fig. 4) . The effect was more pronounced in mammalian genes (Fig. 4A±C ) than in yeast genes (Fig. 4D) but, in all cases, the difference between thẽ 30 nt poorly conserved window and the downstream portion of the UTR was statistically highly signi®cant (Table 1) . To rule out the possibility that the observed increase in sequence conservation beyond 30 nt from the stop codon was due to the effect of adjacent polyadenylation signals, all 3¢-UTRs <110 nt were excluded from the analyzed set. The entire 100 nt region of the 3¢-UTRs downstream of the stop codon is less conserved than the synonymous codon positions in the adjacent 3¢-terminal portion of the CDS (Fig. 4) . Nevertheless, the conservation level in this region was slightly above the random base line, with the low-conservation window nearly reaching the 50% neutral level (A.Y. Ogurtsov and A.S. Kondrashov, unpublished observations).
Despite the low level of sequence conservation in the 30 nt window downstream of the stop codon, there is a statistically signi®cant GC preference in this region of mammalian mRNAs, particularly after UGA and UAG codons (Fig. 3A± C and Table 3 ); in yeasts, the increase in GC content is much less pronounced and not statistically signi®cant (Fig. 3D±F) . conservation in the synonymous positions at the 3¢ end of the CDS in yeast (t = 5.307, P < 0.0005; positions ±30 to ±1 compared with the preceding 70 nt), an effect that is not seen in mammals.
Eukaryotic ribosomes terminate translation with the stop codon positioned in the ribosomal A site (28) . However, the post-termination fate of the ribosomes and the mechanism of ribosome release are not thoroughly understood. Detailed analysis of the translation termination of short open-reading frames occurring in the 5¢-UTRs of certain yeast genes, such as GCN4 and YAP1/2, provides some insights into these mechanisms (56±58). It has been shown that, after termination, ribosomes tend to resume scanning but their propensity to do so is context dependent, with AT-rich sequences downstream of the stop codon favoring scanning and GC-rich sequences promoting release. To the extent that these observations can be extrapolated to eukaryotic mRNAs in general, it seems likely that the function of the poorly conserved 30 nt region downstream of the stop codon is to interrupt post-termination ribosomal scanning. According to this hypothesis, this region is poorly conserved because it is covered by the ribosome during scanning and does not contain binding sites for regulatory proteins or RNAs. Thus, the sequence of the 30 nt region appears to be unimportant but the GC enrichment might facilitate dissociation of the ribosomes from the mRNA. In contrast, the higher level of conservation in the downstream part of the 3¢-UTR suggests that, in many mRNAs, this portion contains sequence-speci®c functional signals.
3¢-UTR±polyadenylation signal
The boundary between 3¢-UTRs and poly(A) contains upstream pyrimidine-rich elements, the AAUAAA motif, and the downstream GU-rich elements; this region aligned well in the majority of the human±mouse orthologous pairs. The sequences of mammalian mRNAs around AAUAAA show elevated sequence conservation, particularly in the 10±20 nt stretch downstream of the signal (Fig. 5 ). This conservation differed from that in the adjacent regions at a statistically signi®cant level (c 2 = 51.52, P < 0.001). In yeasts, the polyadenylation signal is not nearly as pronounced as it is in mammals and increased conservation around this signal was barely detectable (data not shown).
CONCLUSIONS
The advantage of genome comparisons as an approach to discovering previously undetected functional signals in sequences is 2-fold: (i) evolutionary conservation is a strong predictor of functional importance, and (ii) thanks to the large number of data points, even subtle signals can be discovered with an adequate methodology. In the analysis presented here, we attempted to integrate these two advantages and uncover such signals by compiling alignments of numerous orthologous mRNAs and assessing the average level of conservation for individual positions. This approach works best for regions at the boundaries of the functional domains of mRNAs because the principal signals, i.e. the start and stop codons and the polyadenylation motif, establish the frame for the comparison and the effect of potential misalignment is minimal for these regions.
The results of the genome-wide comparison of orthologous mRNAs in mammals and fungi support the evolutionary conservation of the context in the immediate vicinity of the principal signals, namely, the start and stop codons, and the polyadenylation site. These well recognized context elements include the Kozak consensus around the start codon, the +1 base following the stop codon, which is critical for the ef®ciency of termination, and the GU elements downstream of the polyadenylation AAUAAA motif. In addition, however, the present analysis revealed previously unnoticed, weaker signals that spread over longer regions of mRNAs. In the case of the start codon and the polyadenylation site, sequence conservation centers at the principal signal and drops off~30 nt away from it. Therefore, it seems unexpected that the stop codon and the three conserved positions immediately downstream of it are followed by a region of markedly low conservation. This observation is all the more paradoxical because both the region upstream of the start codon and the one downstream of the stop codon are thought to be the parts of mRNA that are scanned by ribosomes. However, the former sequence is highly conserved compared with the upstream portion of the 5¢-UTR, whereas the latter sequence is a poorly conserved part of the 3¢-UTR. The cause of the difference could be that ribosomal scanning that precedes initiation is highly dependent on binding of initiation factors to the proximal portion of the 5¢-UTR (59), whereas post-termination scanning involves only the interaction between the proximal part of the 3¢-UTR and the ribosome itself. Conceptually, the highly conserved region of the 5¢-UTR preceding the start codon and the poorly conserved region of the 3¢-UTR downstream of the stop codon could be considered ribosomal ®lters (60), i.e. sequence elements that modulate the interaction between the mRNA and the ribosome, and thereby contribute to the regulation of translation. These predictions made through genome-wide analysis of sequence conservation of eukaryotic mRNAs are amenable to direct experimental testing.
